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We present a study of interdiffusion at interfaces of YBa2Cu3O7�x (YBCO) and metals, Au, Ag, and Pb by using X-ray
reflectivity. YBCO thin films were epitaxially grown by off-axis sputter deposition and coevaporation, with the c-axis
perpendicular to the SrTiO3 substrate surfaces. The capping layers were subsequently deposited on the YBCO film in situ and
ex situ near room temperature. Glancing incident X-ray reflectivity was employed to investigate the surfaces and their buried
interfaces. We find that interdiffusion at the interfaces of Au/YBCO and Ag/YBCO is negligible. However, a large
interdiffusion zone, �60 �A, is present at the Pb/YBCO interface and the lead films grown, both in situ and ex situ, were
entirely oxidized. We do not observe any diffraction peaks from the Pb/YBCO films. The diffraction peaks are found up to
(007) from the YBCO films of the Au/YBCO and Ag/YBCO films. This implies that the loss of crystalline structure in a
�300- �A-thick YBCO film underneath Pb is caused by interdiffusion. [DOI: 10.1143/JJAP.42.1395]
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1. Introduction

YBa2Cu3O7�x (YBCO) has attracted considerable atten-
tion for its high superconducting transition temperature
(Tc ’ 90K) and high critical current density.1,2) These
properties of a superconductor are very important for
practical applications. For studies of Josephson junction
tunneling, proximity effect and other applications, the
interfaces of Pb/YBCO,3–12) Au/YBCO13–15) and Ag/
YBCO16,17) have been widely used. Also it is known that
a small amount of silver18–20) or gold21,22) doping does not
affect Tc but precipitates to grain boundaries where it
enhances the YBCO grain (twin domain) size. Thus, it is
worth studying interdiffusion at the interfaces of YBCO and
metals. Several techniques have been employed for under-
standing the Au/YBCO and Ag/YBCO interfaces, including
transmission electron microscopy (TEM),23,24) resistivity25)

and microwave surface resistance26) measurements. These
studies showed that the interfaces of Au/YBCO and Ag/
YBCO are electronically well-contacted. However, TEM
imaging can show only a small portion of the cross section
of the interfaces after cutting the sample and resistivity
measurements can not measure interface morphology.
Furthermore, little is known about the Pb/YBCO interface,
although there is an ongoing debate in the subject of
Josephson tunneling through a Pb/YBCO tunnel junction
regarding whether the pairing symmetry is s-wave or d-
wave.7–12)

We performed glancing incident X-ray reflectivity
(GIXR) measurements at the YBCO and metal interfaces.
To our knowledge, GIXR studies of interdiffusion at the
YBCO metal interfaces have never been made. Previous
GIXR studies have been quite successful in understanding
the surfaces of YBCO films,27–29) though a thick YBCO film
is problematic in GIXR studies because of anomalous
diffuse scattering which suppresses the specular reflectivity,
particularly, just above critical angle due to a large
disordered zone at the air/YBCO interface. The schematic
geometry of GIXR is shown in inset of Fig. 1. The

reflectivity from a rough surface can be written as,30–32)

R ¼ R0e
�q2z�

2=2; ð1Þ

where R0 is reflectivity33) from a smooth surface, � is rms
roughness and qz is momentum transfer, 4� sin �=� with �
being the X-ray incident angle and � the incident X-ray
wavelength. A disordered zone at an interface contributes to
the � in the reflectivity in addition to the roughness. It means
that the roughness and interfacial disorder can not be
independently determined from a single GIXR measure-
ment. Therefore, we should know the surface roughness first
without a capping layer because the interdiffusion can be
determined only by comparing the reflectivities from the
same specimen with and without the capping layer. How-
ever, YBCO is problematic because the surface is consider-
ably sensitive to air. As the capping layer is deposited on the
YBCO after GIXR measurement from a naked YBCO film,
the GIXR measurements may not provide correct informa-
tion of the interdiffusion because the YBCO surface would

Fig. 1. X-ray from a YBCO/SrTiO3 sample as a function of 2�. The solid
curve is a best fit. The inset shows X-ray reflectivity geometry where ~kki
and ~kkf are incident and exiting X-ray wave vectors with angle � and qz is

momentum transfer. The YBCO layers, which have different X-ray

scattering density, are also shown in the inset.
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be changed during the measurements and transportation in
air. There were a number of actions we could have taken to
avoid this problem, such as, in situ GIXR measurements and
in situ coating of the YBCO surface with a material which
does not react with YBCO. We chose the latter method
because it requires less cost. We prepared two YBCO films
which were adjacently deposited on each SrTiO3 substrate,
one of the YBCO films was covered by a mask in situ and
the other one was subsequently metalized with gold. We
believe that the surfaces of the two YBCO films are similar
before the gold layer was coated. From GIXR, we found that
there is an extra layer with low scattering density developed
on the naked YBCO surface whereas the interface of Au/
YBCO remains clean. We concluded that the interdiffusion
at the Au/YBCO is negligible and used the YBCO surface
underneath the gold film as a standard to discern whether the
interdiffusion is present at the interfaces of YBCO and the
other metals.

In §2, we discuss the experimental details of the
preparation of YBCO, Au/YBCO, Ag/YBCO and Pb/YBCO
samples, and GIXR measurements from the samples. The
analysis of the GIXR data and results are presented in §3.
We discuss the results in §4 and summarize the main
conclusions in §5.

2. Experiment

Five thin YBCO films with thickness �300 �A were
prepared for the interdiffusion study. Each YBCO film was
epitaxially grown on SrTiO3[001] substrates with the
resultant c-axis perpendicular to the substrate surface. Two
YBCO films were simultaneously sputtered34) on each
substrate in total pressure 110mTorr of argon and oxygen
in the ratio Ar : O2 ¼ 5 : 1 with the substrates temperature
held at 720�C. These parameters were optimized to obtain a
smooth surface. After sputtering the YBCO layer, one of the
YBCO thin films was covered with a stainless steel mask in
situ and the Au (300 �A) layer was successively sputtered on
the other film, in 7mTorr Ar only. The substrate temperature
was held at 65�C during this part of the sputtering process.
For the Pb deposition, a YBCO (300 �A) film was deposited
by the sputter with the same conditions as the YBCO film
mentioned above, the film was quickly (�2min) moved to
another chamber in air, and a Pb (300 �A) film was
evaporated on the YBCO film at room temperature.3–5)

The resistivity of the 300- �A-thick YBCO film at room
temperature was 294 m�cm. The Ag(300 �A)/YBCO(300 �A)
and Pb(300 �A)/YBCO(300 �A) films were deposited by a
coevaporation technique,6) i.e., Y, Ba and Cu are evaporated
separately in an atmosphere of atomic oxygen. The YBCO
stoichiometry 1 : 2 : 3 was accurately controlled within an
uncertainty 1–2%. During the growth of YBCO, the
substrate temperature was held at 750�C and the oxygen
partial pressure was �1mTorr. After the YBCO was
deposited, the O2 partial pressure was increased up to
700mTorr and the substrate was cooled down to room
temperature. Then, the chamber was pumped to 10�8 Torr
and the Ag or Pb was evaporated in situ on the YBCO fresh
surface. The Tc of a similar sample was 86K and the
resistivity was 150 m�cm at room temperature.

X-ray reflectivity measurements were carried out in air at
room temperature. We used a line beam X-ray (width

�0:15mm at sample position) with wave length 0.70926 �A,
Mo K	1, which radiates from a rotating Mo anode and
reflects from a Ge(111) monochromater. The distance of the
X-ray source to a detector was about 2m and the samples
were positioned in the midway. The beam angular diver-
gence of �0:015� was accounted for in the data analysis.
Specular reflectivity was obtained by subtraction of the
background, which includes diffuse scattering, from the total
intensity at the specular peak position.

3. Data Analysis and Results

X-ray specular reflectivity from the �290- �A-thick YBCO
film on SrTiO3 is shown in Fig. 1. A best fit (solid line) with
a standard reflectivity model30–33) shows three different
layers, a disordered layer at top, a YBCO layer in the middle
and a low density YBCO layer in the bottom as shown in the
schematic diagram in the inset. The middle layer YBCO has
thickness 205	 1 �A and roughness 12	 0:8 �A. We observed
a layer of which the average electron density is �87% of a
crystalline YBCO, with thickness 59	 2 �A and roughness
10:6	 0:6 �A between the substrate and the YBCO film.
Since the electron density of the layer is higher than SrTiO3

but lower than YBCO, we conclude that it is a low-density
YBCO. This layer mostly contributes to the X-ray reflectiv-
ity in the region of the higher angle (2� 
 0:8�) and
diminishes the amplitude of the oscillation. This layer
significantly improves the fit in higher angle region. Han et
al.27) have also observed this extra layer from a 2500- �A-
thick YBCO film which was grown on a SrTiO3 substrate by
pulsed laser deposition. Although we do not know the origin
of this layer, there are several possibilities. A remanent
coating layer which was put to protect the surface of the
SrTiO3 substrate could cause the YBCO to have the low
electron density, though the coating layer was completely
removed before the deposition. A few monolayers deposited
first possibly have different oxygen concentration, and
intrinsic stress from the substrate might contribute to the
deformation of the YBCO crystal. The X-ray reflectivity
shows the existence of a disordered layer at the air/YBCO
interface with thickness 27	 2 �A and roughness 5	 3 �A.
The disordered layer might develop from oxidation at the
air/YBCO interface. The X-ray scattering density of the
disordered layer is about 11% of the crystalline YBCO. The
roughness of the substrate was found to be �3 �A.

In order to understand the average crystalline structure of
the YBCO film, X-ray diffraction measurements were
carried out. Figure 2(a) shows the diffraction peaks along
the substrate [001] direction. From the peak positions, the
lattice constant c is found to be 11:69	 0:01 �A which
corresponds to the oxygen concentration 6.96 per molecule
(x ¼ 0:04), and critical temperature Tc ’ 90K.35) One third
of the YBCO lattice constant is close to that of SrTiO3.
Because of limitations in the resolution, we were unable to
discern between the supersymmetric diffraction peaks from
the film and from the substrate. From a transverse scan (�-
rocking) at the YBCO (005) Bragg peak shown in the inset
of (b), we found that the in-plane mosaicity of the YBCO
film is about 0.5� which is one order of magnitude larger
than that of the substrate. Figure 2(b) shows a plotting
function for the width of the diffraction peak versus sin2 �.
As the domain size and residual strain broadening add as a
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Gaussian convolution, the plot is expected to be linear,36)

i.e.,

��2 cos2 � ¼ sin2 �
�d

d

� �2

þ
�

L

� �2

; ð2Þ

where �� is the full width at half maximum of the
diffraction peak, �d=d is the strain, � is X-ray wavelength
and L is the domain size. From a best fit (solid line), we
found that the residual strain is 0:70	 0:14%. This implies
that the macroscopic compositional inhomogeneity within
the film is negligible. The domain size was found to be
290	 70 �A, which can be compared to the total YBCO film
thickness determined by GIXR.

Figure 3(a) shows the X-ray reflectivity from the Au/
YBCO/SrTiO3 sample. A best fit (solid line) shows that the
roughness at the air/Au interface is 11:4	 0:1 �A and the
thickness of Au film is 300:0	 0:3 �A. The disordered zone
at the interface of Au/YBCO was found to be 7:6	 0:1 �A,
which is about 2% of the YBCO film thickness (350	 1 �A).
The YBCO thickness is close to 27 unit cells and the
interdiffusion part is less than a single unit cell. We
speculate that it is just the intrinsic YBCO surface rough-
ness. In comparing the interface of Au/YBCO to the naked
YBCO surface, we conclude that the gold film coated in situ
on the YBCO film at room temperature protects the YBCO
surface from degradation in air.

The X-ray reflectivity from the Ag/YBCO/SrTiO3 sample
is shown in (b). From the fit, the roughness at the interface,
air/Ag, was found to be 10	 2 �A. The disordered zone at the
Ag/YBCO interface, 15	 3 �A, can be comparable to that at
the Au/YBCO interface. Winau et al.38) have reported the
observation of the interdiffusion of oxygen from YBCO into

the Ag or Au coating layer at the substrate temperatures
higher than 550�C. The temperature of our evaporation
condition was room temperature and our results agree well
with the observation of Winau et al.

Figure 4 shows the X-ray reflectivity from the Pb/YBCO/
SrTiO3 samples prepared ex situ (a) and in situ (b). It should
be pointed out that we obtained the specular reflectivity by
carefully subtracting the diffuse scattering part from the total
intensity at specular reflection position in each transverse

Fig. 2. (a) diffraction peaks from a YBCO/SrTiO3 sample. (b) the

broadenings of the diffraction peaks from the YBCO film in (a) versus

�, described in the text. The inset in (b) shows a transverse scan at the

YBCO (005) peak.

Fig. 3. Au/YBCO/SrTiO3 (a) and Ag/YBCO/SrTiO3 (b). The solid curve

is a best fit and the inset shows the X-ray scattering density profile

corresponding to the fit.

Fig. 4. Pb/YBCO/SrTiO3 samples, Pb metalized ex situ (a) and in situ (b).

The scattering density profiles corresponding to the fits (solid lines) are in

the insets.
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scan because the diffuse scattering was extremely strong
near the critical angle and had a different scattering intensity
profile in a transverse scan at each 2�-position. The GIXR
from Pb/YBCO is remarkably different from that from Au/
YBCO or Ag/YBCO. Just above the critical angle, the
reflectivity sharply drops down because of the huge surface
roughness of the lead layer, the large X-ray absorption by the
lead and the presence of a large disordered zone at the Pb/
YBCO interface. At the high angles, the reflectivity is linear
in a logarithmic scale, and is mainly determined by the
smooth interface of the YBCO and substrate.

A best fit (solid line) to the reflectivity from the Pb/
YBCO/SrTiO3 sample prepared ex situ (a) shows interdiffu-
sion at the Pb/YBCO interface 50	 10 �A and the roughness
of Pb film 80	 10 �A. The scattering density of Pb is only
84% of the predicted value for a crystalline Pb, suggesting
that the Pb film is entirely oxidized. A best fit to the X-ray
reflectivity from the other Pb/YBCO/SrTiO3 sample pre-
pared in situ (b) shows that an oxide layer (thickness
285	 13 �A) developed on top of the Pb film and the Pb film
itself is also completely oxidized. The interdiffusion at the
Pb/YBCO interface is 75	 15 �A. The presence of a large
disordered zone at the Pb/YBCO interface does not depend
on whether the sample was grown in situ or ex situ. Although
it is not clear where the oxygen in the Pb film comes from, it
might come from air after the sample was taken out from the
growth chamber since the lead film was grown under the
pressure of 10�8 mTorr. However, some of the oxygen
content could come from the YBCO film. We could not
observe any diffraction peak from the Pb/YBCO film
whereas the peaks up to YBCO (007) from the Au/YBCO
and Ag/YBCO films were observed. This implies that the
reaction between lead and YBCO destroys the YBCO
crystalline structure.

4. Discussion

Development of a disordered layer at the air/YBCO
interface can be a problem in fundamental research as well
as practical applications. We have observed a disordered
layer with thickness �95 �A on the surface of a 6000- �A-thick
YBCO film, as shown in Fig. 5. If we include the rough-

nesses at the interfaces, such as, air/disordered layer and
disordered layer/YBCO, the effective thickness of the
degradation layer is �136 �A. Neutron reflectivity is quite
similar to X-ray reflectivity. However the characteristics of
neutrons are somewhat different from X-rays. Neutrons are
less sensitive to small dead (oxide) layers at interfaces than
X-rays because neutrons have a much smaller scattering and
absorption cross section to oxygen than X-rays. The inset in
Fig. 5 shows the neutron reflectivity from the YBCO film
with the solid line a best fit. The fit yields a rms surface
roughness of �140 �A. A spin-polarized neutron reflectivity
study by Han et al.37) has shown that the roughness does not
contribute to the surface magnetic screening length (London
penetration depth) because the length is �1400 �A, which is
an order of magnitude larger than the roughness. However,
the lower critical field (Hc1) of the film was �4 times smaller
than the predicted value for a smooth surface because the
disordered zone at the surface reduces the Bean–Livingston
surface barriers and helps early vortex entrance. It is not too
surprising that a dead layer at the surface contributes to the
surface effects. It should be emphasized that the disordered
layer at the YBCO surface is a less superconducting layer
rather than just a dead layer which is not a superconductor.

Our X-ray diffraction measurements do not show diffrac-
tion peaks from the Au and Ag films which were grown on
each YBCO(300 �A)/SrTiO3. This implies that the gold and
silver are amorphous. Because Au and Ag were deposited at
room temperature, intrinsic stress between the gold (or
silver) atoms and substrate38) might effectively contribute to
the deformation of a crystalline structure over the whole
film. Moreover, Hasegawa et al.39) have observed that the
change of the surface morphology of Ag occurs at
temperatures higher than 550�C. Because our growth
temperature was much lower than the temperature for
mobile Ag atoms, the Ag atoms might not have enough
kinetic energy to move. We expect the same behavior with
Au atoms. The interdiffusion at Au/YBCO and Ag/YBCO
interfaces, which is about one unit cell, agrees well with a
smallest value of the YBCO surface roughness with the
stoichiometry (1 : 2 : 3 within 1–2% uncertainty) accurately
controlled during coevaporation.6) We should point out that
different deposition techniques were used for preparing the
YBCO films underneath Au and Ag; namely, they were
grown by magnetron sputtering and coevaporation, respec-
tively. Our observation of a small disordered zone at the
interfaces of Au/YBCO and Ag/YBCO agrees with previous
studies.23–25,38)

Independent of the growth conditions, in situ and ex situ,
the interdiffusion at the Pb/YBCO interface was about 60 �A.
Although the large disordered interfacial region at air/Pb and
the oxidation over the whole lead film could occur after the
samples were exposed to air, the interdiffusion at Pb/YBCO
interface may exist already in the growth chamber. Since the
interdiffusion was determined by rms roughness, the
effective interdiffusion zone could be larger than 60 �A. It
is very surprising that Lesueur et al.6) observed a similar
Josephson current across both in situ YBCO/Pb and in situ
YBCO/Ag/Pb planar tunnel junctions. They used about 100-
�A-thick Ag layer in-between YBCO and Pb. The disordered
zone at the Pb/YBCO interface might play a similar role as
the Ag layer. From X-ray reflectivity studies, it is not clear

Fig. 5. X-ray and neutron (inset) reflectivities from a YBCO(6000 �A)/

SrTiO3 sample. The solid curve is a best fit.
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whether the oxygen concentration in the YBCO film is
changed due to the reaction between Pb and YBCO, and also
whether the lead atoms are likely to bond with particular
types of atoms in YBCO. The study of local structure around
the Pb atoms in the disordered zone of the Pb/YBCO
interface, in situ glancing incident X-ray absorption fine
structure study for example, could reveal the environment of
the Pb atoms and the reaction between the lead and the
YBCO.

5. Conclusions

By using GIXR, which is a microscopical probe with a
resolution of a single atomic size, we studied laterally
averaged surfaces and interfaces of a high-Tc superconductor
and metals. The metal films (Au, Ag and Pb) were deposited
on YBCO near room temperature, in situ and ex situ. The
reaction between Pb and YBCO created large interdiffusion,
�50–80 �A, at their interface and destroyed the crystalline
structure of the 300- �A-thick YBCO film. A large degrada-
tion zone at the Pb surface which was exposed to air was
observed and the lead layer was entirely oxidized. The
interfaces of Au/YBCO and Ag/YBCO remained clean. This
suggests that the gold and silver films electronically contact
YBCO well. From the 300- �A-thick and 6000- �A-thick YBCO
films, we observe a disordered layer at the air/YBCO
interface and the disordered zone is extended with the
YBCO film thickness.
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